Abstract. Despite early optimism, pre-earthquake anomalous phenomena can be determined by using enhanced amplitude at the ultra-low-frequency range from geomagnetic data via the Fourier transform. In reality, accuracy of the enhanced amplitude in relation to earthquakes (deduced from time-varied geomagnetic data) would be damaged by magnetic storms and/or other unwanted influences resulting from solar activity and/or variations in the ionosphere, respectively. We substitute values of the cross correlation between amplitudes, summarized from the earthquake-related (0.1-0.01 Hz) and the comparable (0.01-0.001 Hz) frequency bands, for isolated amplitude enhancements as indexes of determination associated with seismo-magnetic anomalies to mitigate disturbance caused by magnetic storms. A station located about 300 km away from the others is also taken into account to further examine whether changes of the cross correlation values are caused by seismo-magnetic anomalies limited within local regions or not. Analytical results show that the values suddenly decrease near epicenters a few days before and after 67 % (= 6/9) of earthquakes (M > = 5) in Taiwan between September 2010 and March 2011. Seismomagnetic signals determined by using the values of cross correlation methods partially improve results yielded from the Fourier transform alone and provide advantageous information of earthquake locations.
Introduction
Seismo-magnetic phenomena are observed within a wide frequency range from DC (direct current) to VLF (very low frequencies), and have been reported in many studies (e.g. Hayakawa and Fujinawa, 1994; Hayakawa, 1999; Hayakawa and Molchanov, 2002; Hayakawa, 2008, Rozhnoi et al., 2009) . Fraser-Smith et al. (1990) observed that the amplitude of the geomagnetic field at the ultra-lowfrequency (ULF) band of 0.05-0.2 Hz suddenly increased few hours prior to the M = 7.1 Loma Prieta earthquake. Based on convincing evidence from that amplitude, the ULF frequency band is repeatedly enhanced and consistently identified prior to other major earthquakes (Bernardi et al., 1991; Molchanov et al., 1992; Kopytenko et al., 1993; Merzer and Klemperer 1997; Kawate et al., 1998; Hayakawa et al., , 2000 Gotoh et al., 2002; Hattori et al., , 2004a Hattori et al., , 2004b Hattori, 2004) ; geomagnetic amplitude increases within the ULF range in response to seismo-magnetic anomalies, which are generally considered as having great potential for earthquake monitoring.
Taiwan is located in a high seismicity area at the western edge of the Pacific Ocean and at the boundary of the Philippine Sea Plate and Eurasian Plate (Ho, 1988) . To study seismo-magnetic anomalies, a network of geomagnetic stations has been established in Taiwan since 1988 . The network is currently comprised of 11 stations (Table 1) . Locations of the 11 stations were chosen carefully away from populated areas to diminish interference from visible iron objects, power lines and artificial noise . Identical proton magnetometers with the sensitivity of 0.1 nT are equipped at these stations and routinely monitor variations of geomagnetic total intensity field using 1 Hz sampling rate (Chen et al., 2009a) . Chen et al. (2009a) prudently examined data quality of the 11 stations by the Chapman-Miller method (Chapman and Miller, 1940) , and found that tiny signals caused by the magnetic lunar effects can be observed. Although these total intensity data retrieved from this network are difficult to be used to observe changes in direction of magnetic fields, good quality and a long observation period (from 1988 to now) of data are sufficient to be utilized in most geomagnetic studies (Chen et al., , 2009a (Chen et al., , 2010 (Chen et al., , 2011a Liu et al., 2006; Yen et al., 2004 Yen et al., , 2009 ). The M = 9.0 Tohoku earthquake (142.38 • E, 38.30 • N) occurred on 11 March 2011, striking northern and eastern Japan as the most destructive earthquake thus far in the 21st century. To examine whether influence of seismomagnetic anomalies excited by the Tohoku earthquake can reach the geomagnetic field in Taiwan or not, geomagnetic data recorded at the aforementioned 11 stations are examined. We found that the amplitude at earthquake-related frequency band (i.e. 0.01-0.1 Hz) was enhanced during the Tohoku earthquake. However, when the Dst (disturbance storm time) index is taken into account, a magnetic storm, which possibly excites amplitude increase at the earthquakerelated frequency band, also happened during the Tohoku earthquake.
In this study, geomagnetic total intensity data recorded at 8 stations (Neicheng (NC), Yeheng (YH), Hualien (HL), Shuanlung (SL), Tsengwen (TW), Taitung (TT) and Hengchun (HC) in Taiwan, as well as the Kinmen (KM) station located about 300 km away from the other measurements) from 1 September 2010 to 17 March 2011 are used to compute amplitude by using the fast Fourier transform (FFT). Note that geomagnetic data at Liyutan (LY), Yuli (YL) and Pingtung (PT) are eliminated from the fol- lowing analysis because discontinuity data yielded by gaps would damage analytical results. Derived amplitudes are examined along with 9 earthquakes with M ≥ 5.0 (Table 2) that occurred near or within Taiwan (retrieved from the earthquake catalog of the Central Weather Bureau, Taiwan (http: //www.cwb.gov.tw)). Amplitudes at the earthquake-related and the other frequency bands are compared by using the cross correlation to clarify amplitude increase in response to either earthquakes or magnetic storms.
Preliminary investigations
Geomagnetic fields are mainly affected by variations in the ionosphere and magnetosphere, as well as induction fields generated by resistive structures in the subsurface (Chapman and Bartels, 1940) . It is well known that solar activity intensely affects geomagnetic fields, resulting in geomagnetic daily variations (Chapman and Bartels, 1940) . To understand influence resulting from solar activity, geomagnetic data at the 8 studied stations are separated into the daytime (07:00-15:00 LT) and nighttime (19:00-03:00 LT) phases. Figure 2 shows variations of raw data of geomagnetic fields in Taiwan during the entire study period (i.e. from 1 September 2010 to 17 March 2011). Great fluctuations are observed from the daytime data when observation stations were on the day side. By contrast, variations of geomagnetic nighttime data are relatively smooth because effects of solar activity are reduced when observation stations were on the night side. It is worth mentioning that geomagnetic fields suddenly decrease and maintain 2-4 days due to magnetic storms on 41st, 72nd, 110th, 119th 157th, 167th, 171st, 181st and 191st days from the "starting" day (i.e. 1st day is 1 September 2010). These magnetic storms provide a good opportunity to clarify factors of amplitude increase.
To avoid effects of solar activity, we apply to the nighttime observations a FFT temporal window of 3600 s, with a step of 1 h at the earthquake-related frequency band of 0.01-0.1 Hz. By contrast, we further process amplitude at a frequency band of 0.001-0.01 Hz via the same analytical hypothesis and take it as a reference. determination of pre-earthquake anomalous phenomena depends on amplitude increase at the earthquake-related frequency band, which alone would take high risks. Therefore, enhanced amplitude resulting from magnetic storms should be removed first before it is used to compare with earthquakes.
Methodology and data processing
The combination of the two processed amplitudes allows us to find a different behavior. As shown in the middle panel of Fig. 3 , a clear increase and decrease of amplitude are observed in the daytime interval between 29 and 31, respectively, at the band of 0.01-0.1 Hz and 0.001-0.01 Hz. This time interval corresponds to the period of occurrence of EQ2 and EQ3. To further extract the discrepancy, we compute values of the cross correlation between the two processed amplitudes using a temporal moving window of 7-days with a 1-day step. Figure 4 shows the analytical results of cross cor- relation at the 8 stations. It is clear to find that values of the cross correlation generally approach 1, which suggests that variations of two processed amplitudes within the examined window are very similar, regardless of magnetic storms. This implies that changes of the cross correlation values and magnetic storms exhibit an independent relationship. Thus, if the cross correlation values can be related to earthquakes, these would be a good seismo-magnetic indicator of the partial influence of magnetic storms. It is interesting to find that the values of cross correlation sometimes decrease along with earthquakes, such as on about 30th day at the NC station and about 95th day at the TT station. When decreased values of the cross correlation are examined with earthquake catalog (Table 2) , earthquake occurrence and anomalous stations (i.e. decreased values of the cross correlation) yield a good agreement in the time scale. To further clarify this relationship in the spatial domain, time-varied contour maps are constructed with the values of the cross correlation at the 7 stations located in Taiwan. Figure 5 shows the contour maps between 15 September and 23 September, entirely covering EQ1. Relatively small values of the cross correlation were initially observed in central Taiwan, near the HL and SL stations. The values of the cross correlation promptly decreased and gradually increased 3 days before and after at the HL station, respectively, where located nearby is the epicenter of EQ1. This similar evolution (i.e. decreased values of the cross correlation near epicenters) is repeatedly observed during EQ2-EQ9, except for EQ4, EQ5 and EQ9 (also see the Appendix) and applies about 67 % (= 6/9) accuracy in estimating time and location information in relation to earthquakes. Therefore, this method is very useful to remove effects of magnetic storms on studies of seismo-magnetic anomalies.
Discussion and conclusion
In terms of the Tohoku earthquake, the phenomena (i.e. decrease of the cross correlation values) that appeared about 5 days before this grave event are observed at 8 stations, which are located about 2500 km away from the epicenter. The values (∼0.6; also see Fig. A6 in Appendix), which suggest seismo-magnetic anomalies, could be observed in Taiwan regions during the Tohoku earthquake, but they are almost even at all the studied stations (i.e. including the KM station located about 300 km away; also see Fig. 4 ). Thus, no obvious area with a relatively small value could be determined as an epicenter. When the time-varied values of the cross correlation are further reexamined, the even small values lie on Taiwan regions as well as the KM place, significantly appearing on 78th, 114th, 136th, 163rd and 178th days without earthquake occurrence. Thus, it is difficult to determine whether seismo-magnetic anomalies affected geomagnetic fields in Taiwan during the Tohoku earthquake or not. This confusing effect (i.e. the small cross correlation values in large-scale areas) could be caused by variations of the ionosphere and/or other unknown factors, limited within either 0.01-0.1 Hz or 0.001-0.01 Hz. This effect would damage accuracy of determination of seismo-magnetic anomalies, but could be partial mitigated when the values at the KM station are simultaneously taken into account. Note that the KM station is located at an aseismicity zone. The consistent changes of the values between KM and the other 7 stations would not be considered as local effects associated with earthquakes.
Timings and/or locations of forthcoming earthquakes can be effectively estimated by using FFT (Fraser-Smith et al., 1990) , the fractal method , the flicker noise spectroscopy (Hayakawa and Timashev, 2006) , the radiometric method (Kopytenko et al., 2001) , and the principle component analysis (Hattori et al., 2004b) as well as anomalous daily variation ranges (Liu et al., 2006) . Hattori (2004) summarized empirical observations from many major earthquakes, and found that the distance of the success detection for ULF emission waves is proportional to earthquake magnitude. Thus, seismo-magnetic anomalies would be related to timings, location, and magnitude of forthcoming earthquakes. Although Chen et al. (2011b) reported that earthquake-related stress changes can be observed by using Global Positioning System, mechanisms of seismo-magnetic anomalies resulting from stress accumulation are not fully understood, despite extensive discussion in previous studies. Merzer and Klemperer (1997) and Yen et al. (2004) suggested that high conductivity and/or currents along faults are main causes of observed anomalies during earthquakes. Otherwise, Chen et al. (2009b Chen et al. ( , 2010 proposed a hybrid system and observed seismo-magnetic waves emitted from SMARTs (surface magnetic anomalous reference tips). In short, materials with high conductivity or susceptibility can be formed near epicenters, faults or SMARTs by any possible mechanism. On the other hand, these ULF emission waves could be observed within the epicentral distance of about 70-80 km for earthquakes with magnitude of about 6 (Hayakawa and Hattori 2004) . Ohta et al. (2001 Ohta et al. ( , 2005 Ohta et al. ( , 2007 proposed that these emission waves would propagate in the Earth-ionosphere waveguide with small attenuation as TM 0 (or TEM) mode over great distances (Bliokh et al., 1980) . Long-range transmissions of the emission waves were also observed in Japan about 2000 km and 5500 km away from the epicenter of Chi-Chi (M = 7.6 on 20 September 1999) (Ohta et al., 2001 ) and the Sumatra earthquake (M = 9.0 on 26 December 2004) (Ohta et al., 2007) , respectively.
In summary, magnetic storms could deeply affect variations of geomagnetic fields and disturb accuracy of detections of seismo-magnetic signals from amplitudes via FFT alone. We employed characteristics of magnetic storms, which enhance amplitude regardless of frequency, and computed the cross correlation values between the earthquakerelated (0.01-0.1 Hz) and relatively low (0.001-0.01 Hz) frequency bands to reduce influence caused by magnetic storms. The relatively small values of the cross correlation sometimes lie in wide areas to affect accuracy of detections of seismo-magnetic signals due to changes of the ionosphere and/or unknown factors and this phenomenon can be partially mitigated once other far away stations are taken into account, simultaneously. When the effects of magnetic storms and changes of the ionosphere disturbing wide areas are eliminated, the relatively small values are observed near epicenters a few days before and after 67 % (= 6/9) of earthquakes. Acknowledgements. The authors appreciate the valuable comments raised by the reviewers to greatly improve the manuscript and wish to express their appreciation to the Central Weather Bureau for providing high quality geomagnetic data. The National Science Council of the Republic of China financially supports this research under Contracts NSC 100-2116-M-001-027-MY3.
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